Background: Myosin-19 is strongly associated with mitochondria and plays a role in the transport of mitochondria. Results: The light chains of myosin-19 are the regulatory light chains of myosin-2. ADP release is rate-limiting for acto-Myo19 ATPase and ADP strongly inhibits myosin-19 motor function. Conclusion: Myosin-19 is a plus-end-directed, high-duty ratio molecular motor. Significance: Myosin-19 functions as a molecular motor.
Myosins are actin-based molecular motors that play an essential role in various cell processes such as muscle contraction, cytokinesis, endocytosis, adhesion, and organelle transport. So far all identified myosins contain three distinct domains, i.e. the motor domain, the neck region or lever arm, and the tail. The motor domain is responsible for actin binding and ATP hydrolysis. The neck region consists of IQ motifs and the bound calmodulin (CaM) 2 or CaM-like light chains. The tail domain is largely responsible for targeting of the motor to its subcellular localization and may be involved in the regulation of motor activity (1) (2) (3) . Based on the motor domain sequence, the myosin superfamily is currently comprised of more than 35 classes (4, 5) .
Class XIX Myosin (Myo19) is a vertebrate-specific unconventional myosin and is one of the least studied myosins among the 25 unconventional myosins identified in human. Based upon the deduced amino acid sequence, it was predicted that Myo19 consists of a motor domain, a neck region containing three IQ motifs, and a short tail domain ( Fig. 1A) (6) . Cell biology experiments revealed that Myo19 is strongly associated with mitochondria and plays a role in the transport of mitochondria along actin filament in human cells (7) . Recently, Adikes and co-workers (8) expressed human Myo19-truncated constructs in Sf9 insect cells and characterized the motor properties of Myo19. They found that Myo19 displayed actin-activated ATPase activity and in vitro actin-gliding activity, indicating that Myo19 is a functional motor (8) . However, several important issues regarding the motor function of Myo19 have not been solved.
First, the identity of the light chain associated with Myo19 IQ motifs remains to be determined. CaM is a common light chain bound to the IQ motif of unconventional myosin identified so far. Adikes and co-workers (8) coexpressed Myo19 with CaM and found stoichiometric association of CaM with Myo19. However, the consensus sequences of Myo19 IQ motifs (IQ1, AXXIQXXWRR; IQ2, AAXXIQAAXRSWLXRKXIXXXH; and IQ3, AAXXiKXXWXXWRXXMXXLA) are quite different from the consensus sequence of CaM-bound IQ motif in myosin, i.e. IQXXXRGXXXR (Fig. 1D ). So, it is necessary to examine if light chain other than CaM serves as endogenous light chains of Myo19. * This work was supported by National Basic Research Program of China Second, the directionality of the Myo19 motor moving along the actin filament is not known. Compared to other myosins, Myo19 contains two unique inserts in a region of the motor domain known as the converter (Fig. 1B) . In the crystal struc-ture of myosin-5a (PDB 1W7J), the two inserts of Myo19 are adjacent to one another and the second one is adjacent to the tip of the relay helix (Fig. 1C) . The converter is the major component connecting the core of the motor domain with the lever arm. During the ATP hydrolysis cycle, the converter amplifies and directs the lever arm movements resulting from the conformational change in the core of the motor domain (9) . It is well established that the minus-end-directed movement of class VI myosin is dictated by a unique insert of ϳ38 amino acids located between the converter and lever arm (10, 11) . Although the insert of Myo19 is located within the converter instead of between the converter and the lever arm, it is potentially critically for the direction of the lever arm movement of Myo19 during the ATP hydrolysis cycle, thus affecting the direction of Myo19 movement along actin filaments. Third, it remains to be determined if Myo19 is a high-duty ratio motor. During each ATP hydrolysis cycle, myosin motors cyclically attach to and detach from actin filaments. Duty ratio is the fraction of the cycle time that myosin motor attaches to actin filament. Although myosin motor domains are highly conserved, their motor duty ratios are very different from one to another. Most members of class II myosin (myosin-2 or conventional myosin) are low-duty ratio motors that spend most of the time during the ATP hydrolysis cycle detached from actin filaments. An advantage of the low-duty ratio myosin motor is that many molecules can simultaneously interact with one actin filament thus producing a large force without interfering with each other. In contrast, a number of unconventional myosins, including myosin-5, -6, -7, and -10, are high-duty ratio motors that spend most of the time during the ATP hydrolysis cycle attached to the actin filament (12) (13) (14) (15) . Upon proper dimerization, those high-duty ratio motors can move individually along the actin filament, thus becoming a processive motor and suitable for intracellular transport (16 -20) .
The kinetic of high-duty ratio motor are quite different from low-duty ratio motor. In general, ADP release is the rate-limiting step for the high-duty ratio myosin (12) (13) 20) . Because myosin⅐ADP strongly binds to actin, these myosins spend most of their kinetic cycle strongly bound to actin. In contrast, the ADP release rate for the low-duty ratio myosins is 1-2 orders of magnitude faster than the steady-state actin-activated ATPase rate (21) . Therefore, it is critical to measure the ADP release rate to determine whether Myo19 is a high-duty ratio motor.
In the present study, we identified the regulatory light chain of smooth muscle/non-muscle myosin as the light chain of Myo19. We found that, similar to vertebrate myosin-5a, Myo19 moves to the plus-end of the actin filament. In addition, we found that the ADP release rate of Myo19 is comparable with the maximal steady-state actin-activated ATPase rate, suggesting that ADP release is a rate-limiting step for acto-Myo19 and Myo19 is a high-duty ratio motor.
EXPERIMENTAL PROCEDURES
Materials-Restriction enzymes and DNA modifying enzymes were purchased from New England BioLabs (Beverly, MA), unless indicated otherwise. Anti-FLAG M2 antibody, anti-FLAG M2-agarose, phosphoenol pyruvate, 2,4-dinitrophenyl-hydrazine, pyruvate kinase, ADP, malachite green oxalate, glucose oxidase, casein, and sodium molybdate dihydrate were from Sigma. Nickel-nitrilotriacetic acid-agarose was from Qiagen (Germany). ATP was purchased from Amresco. Rhodamine-phalloidin and Alexa 488-phalloidin were from Invitro-gen. Catalase was from Worthington Biomedical Co. FLAG peptide (DYKDDDDK) was synthesized by Augct Co. (Beijing, China). Oligonucleotides were synthesized by Invitrogen. Actin, CaM, and MLCK (myosin light chain kinase) were prepared as described previously (22, 23) . Two mouse myosin-5a constructs, i.e. Myo5a-1IQ (containing the motor domain and 1st IQ, amino acids 1-791) and Myo5a-⌬T (myosin-5a with the globular tail domain deleted), were prepared as described (23, 24) . SkM (skeletal muscle myosin) was prepared from rabbit muscle according to a published method (25) . SkM-S1 (skeletal muscle myosin subfragment-1) was prepared from SkM by chymotrypsin digestion as described (26) .
Expression and Purification of Myo19 and Myo5a-The cDNA of Myo19 (GI: 254939538) was reversely transcribed from mouse kidney total RNA using AccuScript Reverse Transcriptase (Stratagene), amplified by Pfu-Ultra DNA polymerase (Stratagene) with the following primers: ACTAGGATCCAT-GCTCCAGCAGGTGAATG (underlined, BamHI) and ACGT-CTCGAGTCACACTTGGACTGGC (underlined, XhoI), and cloned into the BamHI site and XhoI site of pFastBacHFTb (a modified baculovirus transfer vector pFastHTb, Life Technology as described previously (27)). Myo19-truncated constructs were created by introducing a stop codon at the indicated positions. All Myo19 constructs contain an N-terminal FLAG tag (DYKDDDDK) for purification and an Avi-tag (GLNDIFEA-QKIEWHE) to facilitate actin-gliding assay was attached to the C terminus of Myo19 constructs. Recombinant baculoviruses were prepared using the Bac-To-Bac system (Invitrogen) as described previously (24) .
To express Myo19, Sf9 cells were infected with the recombinant viruses encoding Myo19 with or without the recombinant virus encoding the light chains. The expressed Myo19 was purified by anti-FLAG M2 affinity chromatography as described previously (24) . The concentrations of the purified Myo19 were determined by SDS-PAGE and Coomassie Blue staining with a known concentration of smooth muscle myosin protein as standard.
RLC Expression and Purification-The cDNA of RLC9 and RLC12b was obtained by RT-PCR using mouse kidney RNA and cloned into pT7-7 bacterial expression vector. RLC9 and RLC12b were expressed in BL21(DE3) and purified as described by Ikebe et al. (28) . The concentrations of purified RLC9 and RLC12b were determined by the absorbance at 280 nm (A 280 equals 5.01 mg/ml of RLC9 and 3.77 mg/ml of RLC12b). Approximately 48 mg of RLC9 and 35 mg of RLC12b were obtained from 1 liter of culture, respectively.
To prepare recombinant baculovirus encoding RLC, cDNA of RLC9 or RLC12b was subcloned into pFastBac baculovirus transfer vector (Invitrogen). Recombinant baculoviruses were prepared using a Bac-To-Bac system (Invitrogen) as described previously (24) .
Identification of the Light Chains of Myo19-We first prepared a crude extract of myosin light chains from mouse kidney. About 1 g of adult mouse kidneys was homogenized in 10 ml of lysis buffer (30 mM Tris-HCl (pH 7.5), 8 M urea, 5 mM DTT, and 10 g/ml of leupeptin). The homogenization was clarified by centrifugation at 25,000 ϫ g for 1 h at 4°C. The proteins in the supernatant were denatured by 5% TCA and then collected by centrifugation at 25,000 ϫ g for 30 min at 4°C. The precipitation was dissolved with 8 M urea (adjust pH to 7.0 with 1 M Tris base), and dialyzed three times (6 h each) against 1 liter of 30 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 1 mM DTT. The dialyzed sample was clarified by centrifugation at 13,000 ϫ g for 10 min at 4°C and the supernatant was used as crude extract of myosin light chains.
To identify the light chains associated with the Myo19 heavy chain, we co-purified the M19-2IQ with crude extract of the myosin light chain from mouse kidney. FLAG-tagged M19-2IQ was expressed in Sf9 cells and absorbed onto anti-FLAG M2-agarose. About 0.5 ml of anti-FLAG M2-agarose containing ϳ0.2 mg of M19-2IQ was incubated with 1 ml of light chain extract in Binding Buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1 mM EGTA, and 1 mM DTT) at 4°C for 2 h. After washing away the unbound proteins with Binding Buffer, the bound protein was eluted with 0.2 mg/ml of FLAG peptide in Binding Buffer. The eluted proteins were subjected to SDS-PAGE (4 -20%) and Coomassie Blue staining. A control experiment was performed similarly except omitting M19-2IQ or light chain extract. The bands in SDS-PAGE specifically associated with M19-2IQ were excised and subjected to trypsin digestion and LC-MS/MS analysis.
ATPase Assay-Unless otherwise indicated, the steady-state ATPase activity of Myo19 was measured in a plate-based, ATP regeneration system as described previously (29) . The steadystate ATPase activities were measured in a solution containing ϳ50 nM Myo19 construct, 20 mM MOPS-KOH (pH 7.0), 50 mM NaCl, 1 mM MgCl 2 , 1 mM DTT, 0.25 mg/ml of BSA, 0.5 mM ATP, 2.5 mM phosphoenol pyruvate, 20 units/ml of pyruvate kinase, 4 M RLC, 1 mM EGTA, and actin up to 80 M at 25°C. The reaction was stopped at various times between 4 to 60 min by adding 25 l of reaction solution to a well of a 96-well plate (flat bottom) containing 100 l of 0.36 mM 2,4-dinitrophenyl hydrazine (Sigma) and 0.4 M HCl. After incubation at 37°C for 15 min, 50 l of 2.5 M NaOH and 0.1 M EDTA were added to each well and the absorptions at 450 nm were recorded in a microplate reader. To examine the effects of ADP on the actinactivated ATPase activity of Myo19, we performed an ATPase assay in the absence of the ATP regeneration system, and the liberated phosphate was determined by the malachite green method (30) .
Stopped-flow Measurements of ADP Release Rate-Transient kinetic measurements were performed by using a Chirascan SF3 stopped-flow instrument (Applied Photophysics, Surrey, UK) having a 1.2-ms dead time at 25°C in a buffer containing 20 mM MOPS-KOH (pH 7.0), 100 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, and 1 mM DTT. Mant-ADP fluorescence was excited at 360 nm, and emission was selected using a 395-nm long pass filter. Mant-ADP fluorescence was recorded in the stopped flow after mixing 1 mM ATP with 1 M mant-ADP and 1 M M19-1IQ in the absence or presence of 1.5 M phalloidin-stabilized actin filaments (1.5 M actin and 1.5 M phalloidin). Data fitting was done with KaleidaGraph (Synergy Software, Reading, PA).
Phosphorylation of RLC of Myo19 by MLCK-To examine the phosphorylation of RLC of Myo19 by MLCK, the purified Myo19⅐RLC complex (ϳ2 M) was incubated with MLCK (0.03 mg/ml) in a solution containing 30 mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM DTT, 1 mM MgCl 2 , 10 M CaM, 0.1 mM CaCl 2 , and 1 mM ATP at 25°C. At the indicated time, 110 l of reaction solution was mixed with 10% TCA (final concentration) and the denatured protein was precipitated by centrifugation at 12,000 ϫ g for 5 min. The precipitated protein was solubilized in 20 l of sample solution (8 M urea, 10 mM DTT, and 0.005% bromphenol blue) and analyzed by urea/glycerol PAGE as described previously (22) .
Biotinylation of Myosin by BirA-cDNA of Escherichia coli biotin ligase (BirA) was amplified from BL21(DE3) DNA by PCR and cloned into pET30a (Novagen). To express BirA, BL21(DE3) was transformed with BirA/pET30a and induced by isopropyl 1-thio-␤-D-galactopyranoside. The expressed BirA was purified by nickel-nitrilotriacetic acid-agarose chromatography according to standard procedures. About 10 mg of BirA was obtained from 200 ml of culture. Myosin construct containing an Avi-tag was biotinylated by BirA as described by Cull and Schatz (31) with minor modifications. Briefly, myosin construct containing a C-terminal Avi-tag (2-6 M) was incubated with 20 g/ml of BirA in a solution containing 50 mM Bicine buffer (pH 8.3), 5 mM ATP, 10 mM magnesium acetate, 50 M D-biotin at 30°C for 30 min. The extent of biotinylation of the target protein was examined by Western blot using anti-biotin HRP-linked antibody (Cell Signaling Co.). The biotinylated myosin was dialyzed against 10 mM imidazole (pH 7.5), 100 mM KCl, 1 mM EGTA, 1 mM DTT, and 10% glycerol was extensively to remove free biotin and used immediately or aliquoted and stored in Ϫ80°C.
In Vitro Actin-gliding Assay-The actin-gliding activity of biotinylated Myo19 (see above) was performed as follows. About 1 mg/ml of Biotin-LC-BSA (catalog number 29130, Thermo) in Rigor solution (25 mM imidazole (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , and 1 mM EGTA) was absorbed on a nitrocellulose-coated flow chamber and incubated on ice for 5 min. After blocking with 1 mg/ml of casein in Rigor solution, the flow chamber was perfused with 0.2 mg/ml of streptavidin (Roche Applied Science) in Rigor solution and incubated on ice for 5 min. After washing away the unbound streptavidin with 1 mg/ml of casein, biotinylated Myo19 (20 -200 nM in Rigor solution) was applied to the flow chamber and incubated on ice for 10 min. After washing away the unbound myosin with 1 mg/ml of casein in Rigor solution, rhodamine-phalloidin-labeled F-actin (7 nM in Rigor solution) was applied to the flow chamber and incubated on ice for 5 min. The unbound F-actin was washed away by Motility buffer I (Rigor solution plus 100 mM ␤-mercaptethanol, 2.5 mg/ml of glucose, 2 units/l of catalase, 40 units/ml of glucose oxidase). Before observation, the flow chamber was perfused with Motility buffer II (Motility buffer I plus 0.5% methylcellulose, 6 M RLC9, 6 M RLC12b, and 0.5-2 mM ATP). The movement of F-actin was recorded at 25°C under an Olympus IX71 inverted microscope. The velocity of F-actin movement was determined with in-house written Matlab (Mathworks, Inc.) program (32) . In case that many actin filaments did not move smoothly or did not move, we pre-spun myosin proteins with F-actin in the presence of 1 mM ATP before application to the coverslip and washed the coverslip with unlabeled F-actin before application of labeled F-actin.
Actin-gliding activities of myosin-5a and skeletal muscle myosin were measured similarly with the following changes. For myosin-5a, myosin protein (10 -100 nM in Rigor solution) was attached to the glass surface directly instead of via biotinylated-BSA/streptavidin and motility buffer II contained 12 M CaM instead of 6 M RLC9 and 6 M RLC12b. For skeletal muscle myosin, myosin protein in high salt buffer (0.5-2 mg/ml in 0.6 M KCl, 1 mM EDTA, 1 mM DTT, and 10 mM potassium phosphate, pH 6.5) was attached to the glass surface directly and motility buffer II contains 25 mM KCl.
To determine the directionality of myosin on F-actin, dual fluorescence-labeled actin filaments were used for actin-gliding assay. Dual fluorescence-labeled actin filaments were prepared according to Homma et al. (15) .
RESULTS

Identification of the Light Chains Associated with Myo19-
To investigate the motor function of Myo19, we produced a number of Myo19-truncated constructs containing the motor domain and various numbers of IQ motifs ( Fig. 2A ). To facilitate purification, a FLAG tag was attached to the N terminus of each constructs.
Because CaM is a common light chain bound to the IQ motif of the unconventional myosin identified so far, we co-expressed Myo19-truncated constructs with CaM in Sf9 cells and purified Myo19 with anti-FLAG-agarose. We found that CaM copurified with M19-1IQ was barely detectable and the CaM copuri-fied with M19-2IQ or M19-3IQ was far below stoichiometry (Fig. 3A) . The lower than expected amount of CaM associated with Myo19 was not due to insufficient CaM in Sf9 cells, as a similar amount of baculovirus encoding CaM was sufficient to saturate six IQ motifs of myosin-5a (data not shown). Thus, we expected that the light chain other than CaM binds to the IQ motifs of Myo19.
To identify the light chains associated with Myo19, we first prepared the crude extract of myosin light chains from mouse kidney. We expected that mouse kidney contains the light chains for Myo19, as Northern blot shows that Myo19 is expressed at a high level in multiple human tissues, including kidney (7) . We mixed the purified M19-2IQ with the crude extract of myosin light chains from kidney, and re-purified M19-2IQ with anti-FLAG-agarose. The re-purified M19-2IQ contains two distinct ϳ20-kDa bands in addition to the ϳ17-kDa band (Fig. 3B) .
We suspected the ϳ17-kDa band is CaM. Therefore, we performed CaM gel shift assay. As expected, the ϳ17-kDa band displayed a motility shift in response to Ca 2ϩ during SDS-PAGE, indicating that the ϳ17-kDa band was CaM ( Fig. 3C ).
To determine the identities of the two ϳ20-kDa bands, we performed mass spectrometry analysis. The amino acid sequence of the upper ϳ20-kDa band matched mouse RLC9 and the lower ϳ20-kDa band matched mouse RLC12a or RLC12b (Fig.  3D) .
The mouse express three highly conserved RLCs for smooth muscle/non-muscle myosin-2, i.e. RLC9, RLC12a, and RLC12b (33) . RLC12a and RLC12b are highly homologous with only 4 of 172 amino acid residue differences. RLC9 shares ϳ95% identity with RLC12a and RLC12b (Fig. 3E ). Although RLC9 is expressed at a high level in smooth muscle (thus named smooth muscle myosin RLC) and RLC12b is absent in striate muscle, all three RLCs are expressed in non-muscle tissues (33) .
To determine whether RLC associates with Myo19, we coexpressed M19-3IQ with RLC9, RLC12b, and CaM in Sf9 cells and purified M19-3IQ with anti-FLAG-agarose. The purified M19-3IQ strongly associated with RLC9 and/or RLC12b, but not with CaM ( Fig. 4A ), suggesting that the light chain of Myo19 is RLC but not CaM. To determine the binding site of RLC in Myo19, we co-expressed M19-1IQ, -2IQ, or -3IQ with RLC9 and RLC12b in Sf9 cells. The purified M19-1IQ stoichiometrically associated with RLC9, whereas M19-2IQ associated with RLC9 and RLC12b in approximately equal stoichiometry ( Fig. 4B) , indicating that the light chain bound to the first IQ motif is RLC9 and that to the second IQ motif is RLC12b. On the other hand, M19-3IQ associated with approximate 2 M RLC9 and 1 M RLC12b, indicating that the light chain bound to the third IQ motif is RLC9.
Therefore, we coexpressed Myo19-truncated constructs with RLC9 and RLC12b in Sf9 cells and purified the expressed protein with anti-FLAG affinity chromatography. All purified Myo19-truncated constructs contained stoichiometric RLC9 and/or RLC12b (Fig. 2B) .
The Actin-activated ATPase Activity of Myo19-One basic property of myosin is the ability to hydrolyze ATP. Most characterized myosins have ATPase activity, which is enhanced by actin. The motor domain of Myo19 shares 30 -40% homology JUNE 27, 2014 • VOLUME 289 • NUMBER 26
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with myosin-5a, myosin-6, and myosin-7a/b, and contains the highly conserved sequences in the ATP-binding site, including P-loop, Switch-I, and Switch-II, suggesting that Myo19 should have ATPase activity.
We measured the steady-state ATPase activities of M19-1IQ, -2IQ, and -3IQ, using an ATP-regenerating system in the presence of various concentrations of actin. All three M19 constructs exhibited low ATPase activity in the absence of actin of less than 0.04 s Ϫ1 and actin markedly enhanced the ATPase activity of all three M19 constructs ( Table 1 ). The actin dependence exhibited a hyperbolic saturation curve versus the increasing actin concentration, defining V max and K actin values of 6.75 Ϯ 0.33 s Ϫ1 and 15.2 Ϯ 4.0 M for M19-1IQ ( Fig. 5A and Table 1 ). The V max was approximately one-third of Myo5a-1IQ, a truncated myosin-5a containing the motor domain and the 1st IQ motif. The K actin of M19-1IQ was similar to that of Myo5a-1IQ (9.6 M) under the same assay conditions (Fig. 5 , A and D, and Table 1 ), indicating that, similar to myosin-5a, Myo19 has a high affinity to actin during ATP hydrolysis cycle. Similar results were obtained for M19-2IQ and -3IQ (Fig. 5, B and C, and Table 1 ).
The actin-activated ATPase activity of M19 was moderately sensitive to ionic strength. With the increase of NaCl from 25 to 150 mM, K Actin of M19-1IQ was increased from 10.3 to 45.6 M and V max was moderately increased from 5.73 to 8.77 s Ϫ1 (Table 1) .
Although addition of exogenous RLCs had no effect on the actin-activated ATPase activities of M19-1IQ and -2IQ, exogenous RLCs (4 M RLC9 and 4 M RLC12b) nearly double the actin-activated ATPase activity of M19-3IQ (Fig. 6A) . These results suggest that the affinity between RLCs and the IQ3 motif is significantly lower than that between RLCs and IQ1/2. The relatively lower affinity between RLC and M19-3IQ is not due to impropriate truncation of IQ3, because the actin-activated ATPase activity of M19-3IQ with an extended C terminus (residues of 1-830) showed a similar RLC dependence (data not shown). To quantify the affinity between light chain and IQ3, we measured the actin-activated ATPase activity of M19-3IQ in the presence of exogenous light chains. As shown in Fig. 6B , actin-activated ATPase activity of M19-3IQ was markedly activated by exogenous light chain with a hyperbolic saturation curve, defining apparent K d (dissociation constant) of 0.076, 0.300, 0.202, and 0.328 M for RLC9, RLC12a, RLC12b, and CaM, respectively. Among the four light chains, RLC9 exhibited the lowest K d , consistent with the conclusion that the light chain bound to IQ3 is RLC9 (Fig. 4B) .
In Vitro Actin-gliding Activity of Myo19-It has been shown that overexpression of Myo19 in mammalian cells enhances mitochondrial movement (7) , suggesting that Myo19 functions as a molecular motor in vivo. Here we characterized the molecular motor function of Myo19 constructs using an in vitro actin-gliding assay. To facilitate the attachment of Myo19 on the nitrocellulose-coated glass surface, we fused an Avi-tag to the C terminus of Myo19 constructs, producing M19 -1IQ-Avi, M19 -2IQ-Avi, and M19 -3IQ-Avi (Fig. 2) . The purified Myo19-truncated construct with the C-terminal Avi-tag was biotinylated by BirA ligase in vitro and then attached on the glass surface via biotinylated BSA and streptavidin. To ensure that all IQ motifs of Myo19 constructs were full occupied, we added exogenous RLC9 and RLC12b in the actin-gliding assay system. All three Myo19 constructs supported robust movement of actin filaments (supplemental Movies S1-S3). The velocities of actin filaments glided by M19-1IQ-Avi, M19-2IQ-Avi, and M19-3IQ-Avi were 34.5 Ϯ 2.7, 42.4 Ϯ 2.4, and 46.8 Ϯ 4.7 nm/s, respectively (Fig. 7, A-C) . The actin-gliding velocity of Myo19 was moderately sensitive to ionic strength. With the increase of NaCl from 25 to 100 mM, the actin-gliding velocity of M19-1IQ was moderately increased from 24.5 to 34.5 nm/s ( Table 1 ). We noticed that the actin-gliding velocity of Myo19 was significantly lower than that of myosin-5a. Under the same assay conditions, the velocity of Myo5a-⌬T (a mouse myosin-5a construct with the GTD deleted) (24) was 287 nm/s (supplemental Movie S4), similar to the published value (34, 35) . It is noteworthy that, similar to myosin-5a, Myo19 constructs at a low density (ϳ25 nM) were sufficient to support the movement of actin filaments and Myo19 constructs at a relatively high density (Ͼ50 nM) to rapidly shred actin filaments into small fragments, suggesting that M19 is a high-duty ratio motor.
B A
Myo19 Is a Plus-end-directed Motor-It is of interest to determine the directionality of Myo19 movement. Sequence alignment revealed that, compared with myosin-5a, Myo19 contains two unique inserts in a region of the motor domain known as the converter (Fig. 1B) . In the crystal structure of myosin-5a (PDB 1W7J), the two inserts are adjacent to one another and the second one is adjacent to the tip of the relay helix (Fig. 1C) . It is known that the minus-end-directed movement of class VI myosin is dictated by a unique insert of ϳ38 amino acids located between the converter and the lever arm (10, 11) .
To determine the directionality of Myo19 movement, we performed a actin-gliding assay using dual fluorescence-labeled actin filaments. We found that most of the filaments (Ͼ95%) in the presence of M19-1IQ exhibited plus-end-directed movements, similar to that of myosin-5a, a known plus-end-directed motor (Fig. 7, D and E) . The few actin filaments (Ͻ5%) that appeared to support minus-end-directed movements were likely due to mislabeling of the fluorescence probes. These results indicate that Myo19 is a plus-end-directed motor and the unique insert in the converter of Myo19 plays a role other than reverse direction of movement of the lever arm.
ADP Release Is a Rate-limiting
Step for ATPase Cycle of Acto-Myo19-ADP release from actomyosin is the rate-limiting step for the ATP hydrolysis cycle in high-duty ratio motors, 
Summary of actin-activated ATPase activity and actin-gliding activity of Myo19 truncated constructs
Actin-activated ATPase activities were measured as described in the legend to Fig. 5 except with the indicated concentration of NaCl. Velocity of actin filaments in actin-gliding activity were measured as described in the legend to Fig 7. All data, except that of Myo5a-1IQ, are the mean Ϯ S.D. of 2-6 independent assays of at least 2 independent preparations. ). Although multiple independent assays of at least 2 preparations have been performed, data from a single assay are presented. V max and K actin from multiple assays are summarized in Table 1 .
Conditions
such as myosin-5a and myosin-6 (12, 13) . It has been shown that the steady-state ATPase activity of myosin-5a and myosin-6 are strongly inhibited by ADP, whereas the low-duty ratio motor such as skeletal muscle myosin is only slightly inhibited by ADP (13, 36) . To examine the effects of ADP on the steadystate ATPase activity of Myo19, we measured the actin-activated ATPase activity of M19-1IQ in the absence of the ATP regeneration system and in the presence of various initial ADP concentrations (0 to 500 M) (Fig. 8A) . As controls, the same experiments were conducted with Myo5a-1IQ (a myosin-5atruncated construct containing the motor domain and the 1st IQ motif) and skeletal muscle myosin S1. The activity of skeletal muscle myosin S1 was inhibited Ͻ25% by 500 M ADP, whereas that of Myo5a-1IQ was strongly inhibited by ADP (about 60% in the presence of 500 M ADP) (Fig. 8A ). Similar to that of Myo5a-1IQ, the actin-activated ATPase activity of M19-1IQ was strongly inhibited by ADP (about 60% in the presence of 500 M ADP). To examine the effects of ADP on actin-gliding activity of Myo19, we measured the rate of actin-gliding activity of M19-2IQ-Avi in the presence of a constant initial ATP concentration of 500 M and various initial ADP concentrations (0 to 500 M). As shown in Fig. 8B , ADP strongly inhibited the actin-gliding activities of M19-2IQ-Avi and Myo5a-⌬T, but only slightly inhibited that of skeletal muscle myosin.
These results suggest that, similar to that of myosin-5a, ADP release is likely a rate-limiting step in the ATP hydrolysis cycle of acto-Myo19. To test this possibility, we directly measured the ADP release rate by following the fluorescence decrease of mant-ADP from acto-M19-1IQ upon ATP binding in a stopped-flow instrument. The transient was best fit to singleexponential kinetics, and the rate of mant-ADP dissociation was ϳ8 s Ϫ1 (Fig. 8D) , which was comparable with the V max of the steady-state ATPase activity, indicating that ADP release is a rate-limiting step in the ATP hydrolysis cycle of acto-M19-1IQ.
Interestingly, the rate constant for dissociation of mant-ADP from M19-1IQ (in the absence of actin) was ϳ14 s Ϫ1 (Fig. 8C) , indicating the ADP release is not a rate-limiting step for the M19-1IQ ATPase cycle in the absence of actin and actin does not greatly affect the ADP release rate from M19-1IQ. A similar effect of actin on ADP release has been found for the myosin-6 ATPase cycle, where the dissociation rate constants of mant-ADP in the absence and presence of actin are virtually equal (13) . Taken together, the above results indicate that ADP release is the rate-limiting step of the ATPase cycle for acto-Myo19, suggesting that Myo19 is a molecular motor with highduty ratio.
Phosphorylation of RLC by MLCK Does Not Affect the Motor Activity of Myo19-truncated Constructs-It is well documented that the light chains bound on the IQ motifs of myosin heavy chain generally play a crucial role in the regulation of motor activity. One of the best studied examples is the activation of smooth muscle myosin motor function by phosphorylation of RLC9 catalyzed by MLCK (37) . Because the light chain bound to the IQ motifs of Myo19 is RLC, it is possible that phosphorylation of RLC affects the motor activity of Myo19.
To determine whether the RLC bound to Myo19 heavy chain could be phosphorylated by MLCK, we incubated the M19-3IQ⅐RLC complex with MLCK and examined the phosphorylation of RLC by urea/glycerol PAGE. Under conditions similar to ATPase assay, both RLC9 and RLC12b in M19-3IQ were completely phosphorylated by MLCK within 5 min (Fig. 9A) . To investigate the effects of RLC phosphorylation by MLCK on the ATPase activity of Myo19, we measured the actin-activated ATPase activity of Myo19-truncated constructs in the absence or presence of MLCK and CaM. As shown in Fig. 9B , phosphorylation of RLC9 and RLC12b by MLCK did not significantly change the actin-activated ATPase activity of Myo19-truncated constructs. Similarly, phosphorylation of RLC9 and RLC12b did not significantly change the actin-gliding velocities of Myo19-truncated constructs (Fig. 9C) .
DISCUSSION
In the present study, we analyzed the ATPase activity and the actin-gliding activity of Myo19. Several lines of evidence obtained here show that the enzymatic properties of Myo19 are similar to that of high-duty ratio motors such as myosin-5a. First, the ADP release rate is comparable with the steady-state actin-activated ATPase activity of Myo19, indicating that ADP release is rate-limiting for acto-Myo19. It is well established that ADP release from actomyosin is the rate-limiting step for high-duty ratio motors, such as myosin-5a, -6, and -7, but not for low-duty ratio motors, such as smooth muscle myosin-2 (12, 13, 21, 36) . Because myosin⅐ADP strongly binds to actin, these myosins spend most of their kinetic cycle strongly bound to actin, thus being a high-duty ratio motor. Second, similar to those of high-duty ratio myosin, actin-activated ATPase activity and the actin-gliding activity of Myo19 ADP were strongly inhibited by ADP. Third, the K actin values of Myo19-truncated constructs are similar to that of myosin-5a, indicating that Myo19 has high affinity to actin during the ATPase hydrolysis cycle. Fourth, similar to myosin-5a, Myo19 at low-density is sufficient to support actin gliding and at high density shred actin filaments into short fragments.
High-duty ratio myosins, including myosin-5a, -6, -7, and -10, can move processively along the actin filament upon proper dimerization (16 -18, 20) . Several forms of dimerization of myosin motor domain have so far been identified, including parallel coiled-coil (such as myosin-5a) (38) , antiparallel coiledcoil (such as myosin-10 (39)), and cargo-binding protein (such as myosin-6 (40)). Sequence analysis of the Myo19 tail reveals neither parallel coiled-coil (7) nor antiparallel coiled-coil. It remains to be determined if Myo19 forms a dimer upon binding to its cargo and functions as a processive motor in vivo.
It is intriguing that Myo19 IQ motifs bind to RLCs of smooth muscle and nonmuscle myosin-2, but not CaM. Both CaM and RLC belong to the EF-hand protein family. Both have aminoand carboxyl-terminal lobes separated by a flexible helix and each lobe contains a pair of EF-hands. Each EF-hand in CaM is able to bind one Ca 2ϩ ions, whereas that in RLC lacks the ability to bind Ca 2ϩ due to the absence of key residues for Ca 2ϩ binding (41) . Although CaM has broad roles in cells and binds to diversified targets including myosin, RLC is restricted to myosin.
It is known that RLCs bind to the IQ2 motif of smooth muscle and nonmuscle myosin-2 (42, 43) . The consensus sequence of the RLC binding IQ motif is AXXXQRN(X) 6 VKXWXWWR, where is Ile, Leu, Val, or Met, X is any amino acid (Fig. 1D ). In the crystal structure of the scallop myosin-2 regulatory domain (IQ1/2 in complex with essential light chain and RLC), the core residues (QRN) of IQ2 form strong interactions with the C-lobe of RLC and the last consensus residues (WXWWR) form a sharp bend and interact with the N-lobe of RLC (44) . The RLC-binding IQ motif was also identified in myosin-18 (45) . Guzik-Lendrum et al. (46) recently demonstrated that RLC indeed binds to myosin-18.
Alignment of 11 Myo19 revealed three non-canonical RLCbinding IQ motifs, i.e. AXXIQXXWRR (Myo19-IQ1), AAXX-IQAAXRSWLXRKXIXXXH (Myo19-IQ2), and AAXXIKXX-WXXWRXXMXXLA (Myo19-IQ3), where X is any amino acid, underlined residues are not essential for RLC binding (Fig. 1D ). The C-terminal 8 residues (RKXIXXXH) in Myo19-IQ2 and the C-terminal 5 residues (MXXLA) in Myo19-IQ3 are not essential for RLC binding, because our M19-2IQ and M19-3IQ constructs do not contain those residues but still stoichiometrically associate with RLCs. The three non-canonical RLC-binding IQ motifs of Myo19 are quite different from the canonical RLCbinding IQ motifs of myosin-2 and myosin-18 (Fig. 1D) . The most discernible difference is the absence of the WXWWR sequence in Myo19 IQ motifs. Also, the core consensus residues of IQRN in the canonical RLC-binding IQ motif is different from that in Myo19 IQ motifs. In addition, the RLC-binding motifs of Myo19 are much shorter than the canonical RLCbinding IQ motif. Thus, we expect that the conformation of RLC bound to the IQ motifs of Myo19 is likely different from that bound to the IQ2 of myosin-2 and -18.
It is well established that MLCK-catalyzed phosphorylation of RLC9 in smooth muscle myosin (37, 47) and RLC12b in nonmuscle myosin-2 (48) stimulates the motor activity. We found that both RLC12b and RLC9 in Myo19 can be phosphorylated by MLCK, but this phosphorylation has little effect on the motor activity of Myo19-truncated constructs. It is known that phosphorylation of RLC by MLCK regulates the motor activity of smooth muscle myosin but not the truncated smooth muscle myosin having the coiled-coil tail completely deleted (22) . Thus, it is possible that MLCK regulates the motor activity of full-length Myo19, but not the truncated Myo19. Unfortunately, we could not obtain a high quality full-length Myo19 protein to test this possibility. Another possibility is that Myo19 is regulated by kinases other than MLCK. Although MLCK phosphorylates RLC at Ser-19 and Thr-18 (37) , other kinases, such as Cdc2 kinase (49) and PKC (50) , phosphorylate RLC at Ser-1, Ser-2, and Thr-9. More experiments are required for understanding the regulation mechanism of Myo19 by RLC phosphorylation.
While the present study was being conducted, Adikes et al. (8) reported a biochemical and bioinformatic analysis of the Myo19 motor domain. They also concluded that Myo19 is a molecular motor with high-duty ratio. However, they only provided indirect evidence, i.e. MYO19 constructs displayed high actin affinity in the presence of ATP in actin co-sedimentation assays. In the present study, we performed kinetic analysis and found that the ADP release rate is comparable with the maximal steady-state actin-activated ATPase activity of Myo19, indicating that ADP release is rate-limiting for acto-Myo19 and Myo19 is a high-duty ratio motor. All characterized high-duty ratio myosins so far have ADP release as the rate-limiting step.
In addition, there are several major differences between this study and Adikes et al. (8) . First, we identified RLCs as the light chain of Myo19 and prepared the recombinant Myo19-truncated constructs with RLCs, whereas Adikes et al. (8) used CaM as the light chain of Myo19. Our study clearly shows that the affinity of RLC to Myo19 is much higher than that of CaM to Myo19. Second, our Myo19 constructs have about twice higher actin-activated ATPase activity than that reported by Adikes et al. (8) . One possible reason for the discrepancy is that different protein quantification methods were used in those two studies. To obtain the accurate steady-state ATPase activity of myosin, it is essential to measure myosin concentration properly. Unfortunately, Adikes et al. (8) did not indicate the method for Myo19 quantification. In our study, the Myo19 concentration was determined by SDS-PAGE and Coomassie Blue staining with a known concentration of smooth muscle myosin protein as standard. We constantly found that the Myo19 concentration determined by this method was substantially lower than that estimated by absorbance at A 280 . Third, our Myo19 constructs have about three times lower actin-gliding velocity than that reported by Adikes et al. (8) . At present the reason of this apparent discrepancy is obscure. In our assays, we used a well characterized myosin, i.e. mouse myosin-5a, as control and obtained the velocity of myosin-5a consistent with the published values. We found that the actin-gliding velocities of Myo19-truncated constructs were about one-sixth that of myosin-5a.
In summary, we identified RLCs of smooth and non-muscle myosin-2 as the light chains of Myo19, demonstrated that Myo19 is a functional motor moving to the plus-end of actin filament, and found that ADP release is rate-limiting for the ATP hydrolysis cycle of acto-Myo19. Based upon these results, we concluded that Myo19 is a plus-end-directed, high-duty ratio molecular motor.
